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Prevention of paraplegia in pigs by
selective segmental artery perfusion
during aortic cross-clamping
Sven A. Meylaerts, MD,a Peter de Haan, MD, PhD,b Cor J. Kalkman, MD,
PhD,b Joris Jaspers, MSc,c Ivo Vanicky, MD,d and Michael J. H. M. Jacobs,
MD, PhD,a Amsterdam, The Netherlands, and Kosice, Slovak Republic
Purpose: During thoracoabdominal aortic aneurysm repair, a prolonged interruption of
the spinal cord blood supply can result in irreversible spinal cord damage. The aim of
this study was to investigate whether selective segmental artery perfusion during aortic
clamping could prevent paraplegia in pigs.
Methods: Specially designed segmental artery perfusion catheters, which could be
attached to an extracorporeal bypass graft system, were used. In experiment I (n = 10),
it was assessed whether selective segmental artery perfusion could reverse electrophysio-
logic evidence of spinal cord ischemia and maintain transcranial motor evoked potentials
(tc-MEPs) during 60 minutes of aortic cross-clamping. The abdominal aorta, contain-
ing critical segmental arteries, was bypassed through use of an aortoaortic bypass graft
system. After the disappearance of tc-MEPs, an aortotomy was followed by selective seg-
mental artery perfusion. In experiment II (n = 10), the aim was to determine whether
selective segmental artery perfusion could prevent paraplegia. In five animals (group A),
aortic cross-clamping was followed by selective segmental artery perfusion; five control
animals (group B) underwent segmental artery blockade only. Postoperative hind limb
function and spinal cord histopathology were evaluated on the third postoperative day.
Results: In experiment I, tc-MEPs disappeared within 3.7 ± 3.7 minutes after cross-
clamping and returned in all animals in 8.5 ± 5.3 minutes after selective perfusion.
During the study period, tc-MEP amplitudes recovered to a median of 49% (range, 28%-
113%) of baseline values. Total bypass graft flow was 880 ± 294 mL/min, of which 184
± 54 mL/min was directed to the selective perfusion catheters. The flow in individual
catheters was 52 ± 13 mL/min. In experiment II, all perfused animals demonstrated
normal hind limb function, whereas four of five control animals were paraplegic on day
3 (P = .04) In the perfused animals, histopathologic examination showed either no
spinal cord damage or eosinophilic neurons only, whereas in paraplegic controls there
was infarction in large areas of the cord (P < .0001).
Conclusion: In pigs, selective segmental artery perfusion can provide sufficient spinal
cord blood flow to prevent paraplegia resulting from 60 minutes of aortic clamping, as
shown by clinical outcomes and histopathologic examination. (J Vasc Surg 2000;32:
160-70.)
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During thoracoabdominal aortic aneurysm
(TAAA) repair, spinal cord ischemia can develop
after aortic clamping. Possible strategies for main-
taining adequate spinal cord perfusion during aortic
replacement are segmental aortic cross-clamping
combined with distal aortic perfusion, cerebrospinal
fluid drainage, and reimplantation of segmental
arteries.1-3 However, a period of spinal cord
ischemia cannot be avoided when feeding arteries of
the spinal cord are located within the excluded aor-
tic segment and collateral circulation is insufficient.
Spinal cord function monitoring using transcra-
nial myogenic motor evoked potentials (tc-MEPs)
can help to identify critical segmental arteries and
confirms successful reimplantation and adequate dis-
tal aortic perfusion during TAAA repair.4-6
Nonetheless, reimplantation of the feeding arteries is
time-consuming, and permanent spinal cord damage
is a distinct possibility. Therefore, it would be advan-
tageous to selectively perfuse segmental arteries dur-
ing graft inclusion and segmental artery reattach-
ment.
Selective organ perfusion during abdominal
aortic clamping in TAAA repairs suggested a bene-
fit with respect to kidney and visceral organ pro-
tection in several descriptive studies.7,8 In contrast,
another study demonstrated an increased incidence
of renal failure associated with selective renal per-
fusion.9 Unfortunately, renal perfusion pressures
were not assessed during the procedures, which
might account for the negative results. The use of
pressure-controlled, selective renal perfusion
indeed suggested a beneficial effect in patients
undergoing TAAA repair.8 Selective spinal cord
perfusion might offer a similar protective effect
during aortic clamping. A recent study reported
that selective spinal cord perfusion increases cere-
brospinal fluid PO2 during aortic clamping in
dogs.10
In the current study, we investigated the feasibil-
ity of selective segmental artery perfusion by means
of specially designed perfusion catheters in pigs. In
addition, we investigated whether selective segmen-
tal artery perfusion can prevent neurologic deficit
after 60 minutes of aortic clamping.
METHODS 
Animal care and all procedures were in compli-
ance with The National Guidelines for Care of
Laboratory Animals in The Netherlands. The study
protocol was approved by the Animal Research
Committee of the Academic Hospital at the
University of Amsterdam, The Netherlands. Twenty
female domestic pigs, each weighing between 40
and 60 kg, were studied. 
Experiment I (n = 10): the effect of selective
perfusion on tc-MEPs. The aim was to assess the
feasibility of selective spinal cord perfusion by inves-
tigating whether selective segmental artery perfusion
can reverse electrophysiologic evidence of spinal
Fig 1. Schematic representation of tc-MEP recordings in experimental animal (ventral view).
cord ischemia and maintain spinal cord motor neu-
ron function during 60 minutes of aortic cross-
clamping. tc-MEPs were recorded to document
anterior horn motor neuron function.
Ketamine (15 mg/kg) was used as premedica-
tion. Anesthesia was induced with 2.0% isoflurane
by mask in a mixture of 50% O2 in N2O. The ani-
mals received sufentanil 15 µg/kg and clonidine 2
µg/kg. Isoflurane and N2O were discontinued, and
anesthesia was maintained with an infusion of keta-
mine 15 mg/kg per hour, sufentanil 5 µg/kg per
hour, and clonidine 1 µg/kg per hour. This anes-
thetic regimen is similar to that used in TAAA
patients in our clinic and has no major effect on tc-
MEP responses.4,11 Animals were intubated and
ventilated through use of intermittent positive pres-
sure ventilation. Ventilation was adjusted to main-
tain end-tidal CO2 within 4.8 to 5.3 kPa (36-40
mm Hg) throughout the experiment. Adequacy of
the ventilation was confirmed by means of blood
gas analysis at 37°C. After induction, one intra-
venous line (18 G) was introduced into an ear vein.
Proximal mean arterial blood pressure was mea-
sured with a carotid line and distal mean arterial
pressure with a line introduced into a peripheral
hind limb artery. Central venous pressure was mea-
sured by means of a catheter placed in the right
jugular vein and advanced into the superior caval
vein. Electrocardiogram and central venous pres-
sure values, proximal and distal pressures, end-tidal
CO2, and nasopharyngeal temperature were moni-
tored continuously. Before the initiation of selective
segmental artery perfusion and at 60 minutes,
hemoglobin concentration and arterial blood gas
values were determined. Perioperative blood loss
was collected, processed in a cell-saver device
(Haemonetics, Soest, The Netherlands), and rein-
fused during the procedure.
tc-MEPs were evoked through use of a transcra-
nial electrical stimulator (Digitimer D185 cortical
stimulator, Welwyn, Garden City, United
Kingdom). The stimuli were applied to the scalp
with four needle electrodes. The stimulus consisted
of a train of five pulses; the interstimulus interval was
2.0 ms. The anode was placed at the occiput, and
the cathode consisted of three interconnected cath-
odes placed behind the ears, in the mastoid bone,
and in the soft palate. Compound muscle action
potentials were recorded from the skin over the
quadriceps muscle and foreleg muscles by means of
adhesive gel Ag/AgCl electrodes (Fig 1). The sig-
nals were amplified 5,000 to 20,000 times (adjusted
to obtain maximum vertical resolution) and filtered
between 30 and 1500 Hz through use of a 3T PS-
800 biologic amplifier (Twente Technology
Transfer, Twente, The Netherlands). Data acquisi-
tion, processing, and analysis were performed on a
computer with an AD-converter and software writ-
ten in the LabVIEW programming environment
(National Instruments, Austin, Tex). The supramax-
imal stimulus (typically 400-500 V) was assessed,
and tc-MEPs were recorded at a stimulus intensity
10% above the level that produced the maximal tc-
MEP amplitude. Baseline tc-MEP amplitude was
assessed during laparotomy by averaging five con-
secutive responses before the first ischemia-inducing
intervention. A 25% intra-animal variation of tc-
MEP amplitude was accepted as normal. Ischemic
spinal cord dysfunction was defined as a tc-MEP
amplitude decrease below 25% of baseline values.
This criterion is based on (1) the assumption that an
amplitude decrease below three times the SD should
provide optimal detection of ischemia while limiting
the false-positive rate and (2) our previous observa-
tion of a 26% within-patient variability of the tc-
MEP.4,5
Reestablishment of spinal cord perfusion was
defined as a recognizable, reproducible tc-MEP sig-
nal with an increasing tc-MEP amplitude exceeding
200 µV. Spinal cord reperfusion was considered suc-
cessful only when the responses reexceeded the 25%
threshold. tc-MEP responses of the forelegs were
used to recognize possible systemic or technical
causes of tc-MEP decrease.
The catheters used in this experiment were
designed and manufactured by the Department of
Vascular Surgery and the Department of Medical
Technical Development at the Academic Medical
Center, University of Amsterdam, The Netherlands.
The device consisted of a configuration of six perfu-
sion catheters, each with a one-to-six connector. The
15F perfusion catheters were made of 60-cm double
lumen tubing with an internal diameter of 3 mm.
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Fig 2. Schematic representation of a double lumen perfu-
sion catheter.
The 2-cm tapered tip had a 2-mm external diameter
and a 1-mm internal diameter. An inflatable latex
balloon at the tip ensured fixation in the ostia of the
segmental arteries (Fig 2). The large lumen was used
for perfusion and the small lumen for balloon infla-
tion. The configuration was connected to the bypass
graft system as a sidearm through use of a 3⁄8 × 3 con-
nector. In this way, oxygenated blood from the
proximal aorta could be directed into the iliac arter-
ies as well as into the segmental arteries. Each perfu-
sion catheter was connected to a Transonic flowme-
ter (Transonic Systems, Ithaca, NY). 
Before the animal experiments were performed,
ex vivo measurements of individual catheter flows at
different bypass graft pressures were executed; the
same bypass graft configuration was used as in the
following animal experiments, but there was no
counterpressure at the tip. Packed cells (human
blood), diluted with saline solution to a hematocrit
of 28%, were used. A bypass graft pressure of 20 mm
Hg resulted in a catheter flow of 25 ± 9 mL/min
and increased linearly to flows of 86 ± 35 mL/min
at bypass graft pressures of 100 mm Hg.
The animal was placed in the right decubitus
position. A laparotomy was performed through a
midline incision, and the viscera were placed to the
right. The left kidney was mobilized and placed to
the right. The abdominal aorta was carefully
exposed. Thereafter, the lumbar arteries, the aortic
bifurcation, and the sacral artery were dissected.
First, in vivo flow in lumbar arteries L1 to L5 was
assessed with flowmeters (Transonic Systems).
Heparin (100 IU/kg) was then administered.
Thereafter, critical segmental arteries were identified
by sequentially clamping the lumbar arteries in a
caudocranial direction, starting with the L6 artery.
After placement of each additional segmental artery
clamp, an observation period of 5 minutes was
allowed to detect whether ischemic spinal cord dys-
function developed, as evidenced by a tc-MEP
amplitude decrease below 25% of baseline. When tc-
MEPs indicated spinal cord ischemia, the presently
clamped set of segmental arteries was considered
critical for spinal cord blood flow, and the clamps
were immediately removed (Fig 3). A period of at
least 15 minutes was allowed for the tc-MEP
responses to recover completely.
The aorta was then cannulated one segment
above the defined critical aortic segment with a
Sarns 6.5 High Flow Cannula (Sarns3/M, Inc, Ann
Arbor, Mich) for inflow of the bypass graft pump.
The aortic bifurcation was cannulated with a
Medtronic 12 F High Flow Venous Return cannula
(Medtronic DLP, Grand Rapids, Mich) to maintain
lower limb perfusion for tc-MEP recording. The
cannulas were connected to the bypass graft system,
resulting in an aortoaortic bypass graft. The bypass
graft system consisted of 3⁄8 heparin-coated tubing
(Baxter, Uden, The Netherlands), a Sarns Delphin
centrifugal pump (Sarns3/M, Inc), and a Biotherm
heat exchanger (A.B. Medical, Roermond, The
Netherlands) that was connected to a heat exchang-
er pump (Hyp 10, Gambro, Sweden).
After the pump was started, the proximal clamp
was placed distally from the aortic cannula, and dis-
tal clamps were placed on the distal aorta and the
sacral artery. The aortic segment containing the set
of previously defined critical segmental arteries was
thus excluded from the circulation. Our aim was to
maintain a distal mean arterial pressure above 70
mm Hg. After tc-MEPs decreased below 25%, the
aorta was opened through a longitudinal incision.
The tips of the perfusion catheters were inserted into
the orifices of the critical segmental arteries, and the
balloons were inflated for fixation. Segmental artery
flow was started by unclamping the perfusion
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Fig 3. Identification of a set of critical segmental arteries
with tc-MEPs. Successive clamps are placed on individual
segmental arteries every 5 minutes in caudal to cranial
direction, starting at L6 artery, until spinal cord ischemia
is detected with tc-MEPs. Only first step and last (fifth)
step are shown. In this example, tc-MEP amplitude
decrease demonstrated that L6-L2 arteries were critical for
spinal cord blood supply. L1-L6, Lumbar arteries; L, tc-
MEP response from left leg; R, tc-MEP response from
right leg.
catheters and continued for 60 minutes (Fig 4).
During this period, tc-MEPs were recorded every
minute to determine whether selective perfusion
could restore and maintain motor neuron function.
Initial bypass graft flow was adjusted to maintain dis-
tal arterial pressures above 70 mm Hg when neces-
sary. Therefore, the initial selective perfusion
catheter flow was determined by the bypass graft
flow. When tc-MEPs remained absent despite 10
minutes of selective perfusion, the flow per selective
perfusion catheter was increased in steps of 10
mL/min every 10 minutes until the tc-MEP ampli-
tude returned. This was accomplished by increasing
the bypass graft flow.
After 60 minutes of selective segmental artery
perfusion, the selective flow was interrupted by
clamping the selective perfusion catheters. It was
assessed whether tc-MEP responses disappeared
when selective perfusion was interrupted. Finally,
the animals were killed with intravenous pentobar-
bital.
Experiment II (n = 10): the effect of selective
perfusion on hind limb function. The aim was to
investigate whether selective segmental artery perfu-
sion could prevent neurologic deficit after 60 min-
utes of abdominal aortic clamping in pigs. Before
the experiments, animals were randomized into two
groups, as follows:
A (n = 5), the experimental group: selective seg-
mental artery perfusion
B (n = 5), the control group: segmental artery
blockade.
The anesthetic technique was identical to that in
the previous experiment, as was the method of tc-
MEP assessment. The surgical protocol was identical
to the protocol described for experiment I, with two
exceptions. First, the aortic segment that was cross-
clamped and bypassed was standardized in both
groups and consisted of the abdominal aorta
between L1 and the bifurcation. Second, it was nec-
essary to decrease arterial pressure to reduce collat-
eral flow to the cord, to produce ischemia of suffi-
cient magnitude to result in spinal cord neuronal
damage in a large majority of animals when only the
abdominal aortic segment was excluded. Arterial
hypotension to 50 mm Hg was induced in both
groups during the study period through use of intra-
venously administered propranolol and labetalol and
titrating sodium nitroprusside as necessary to
accomplish this.
When the aortoaortic bypass graft was started
and proximal and distal pressures were decreased to
values between 45 and 55 mm Hg, tc-MEPs were
assessed to ensure that the spinal cord blood flow
was within normal autoregulatory limits. Aortic
clamps were placed, and when tc-MEPs decreased
below 25%, indicating spinal cord ischemia, the
aorta was opened with a longitudinal incision. Renal
and mesenteric arteries were blocked through use of
9F Pruitt catheters (Baxter) to minimize blood loss.
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Fig 4. Selective segmental artery perfusion: aortoaortic
bypass graft (L1 to bifurcation). After aortotomy and
introduction of catheter tips into critical segmental arter-
ies, selective segmental artery perfusion is performed
through L2-L6 arteries. L1-L6, Lumbar arteries; BP,
bypass pressure; BF, total bypass flow; P, centrifugal
pump. For clarity’s sake, only five perfusion catheters are
shown.
Fig 5. tc-MEP amplitudes during 60 minutes of selective
perfusion. 1, Starting of bypass graft pump; 2, placement
of proximal and distal clamps, resulting in tc-MEP loss; 3,
starting of selective perfusion; 4, stopping of selective per-
fusion, resulting in tc-MEP loss.
In the group A animals, the tips of the perfusion
catheters were then inserted into the orifices of the
segmental arteries and the balloons were inflated for
fixation. Flow to the segmental arteries was started
by unclamping the catheters, and selective perfusion
was continued for 60 minutes. An initial flow of at
least 50 mL/min per catheter was targeted. During
this period, tc-MEPs were recorded every minute to
verify that selective perfusion was sufficient to main-
tain motor neuron conduction. The initial bypass
graft flow was adjusted to maintain distal arterial
pressures at approximately 50 mm Hg, but extracor-
poreal system pressures above 100 mm Hg were
allowed to ensure adequate selective spinal cord per-
fusion pressures. When tc-MEPs remained absent
despite 10 minutes of selective perfusion, the flow
was increased, as described for experiment I.
In group B, the segmental arteries were blocked
with 3F Pruitt catheters (Baxter) after the aortoto-
my to prevent a steal effect from the spinal cord
towards the aorta, and no selective perfusion was
performed during the 60-minute study period. 
In both groups, the aorta was longitudinally
closed through use of Prolene 5.0 (Ethicon, Inc,
Somerville, NJ) during the 60-minute study period
with the catheters in situ. At exactly 60 minutes, all
catheters were removed, and closure of the aorta was
rapidly completed. The aortic cannulas were
removed, and the left kidney and viscera were put
into place. The administration of arterial hypoten-
sion–inducing drugs was discontinued. The
abdomen was closed in layers, and tc-MEP measure-
ments were discontinued.
Postoperative phase. The animals remained at
the operating table for ventilatory support through
use of intermittent positive pressure ventilation until
the next morning. Mean arterial pressures were
maintained above 60 mm Hg through use of fluid
replacement with Ringer’s lactate solution and a
modified gelatin (Gelofusine, B. Braun Medical Ltd,
Sheffield, United Kingdom), as required. The ani-
mals were then extubated and brought to their quar-
ters, where food and water were provided. On the
first, second, and third postoperative days, hind limb
neurologic function was evaluated by one investiga-
tor, blinded to the group allocation. The Tarlov
score was used, as follows: 0, spastic paraplegia, no
movement; 1, spastic paraplegia, slight movement;
2, good movement, not able to stand; 3, able to
stand, not able to walk; 4, normal function.
After assessment of the Tarlov score on the third
day, the animals were killed with intravenous pento-
barbital, and the spinal cords were harvested and
placed in 4% formaldehyde. Histopathologic evalua-
tion was performed by a blinded neuropathologist,
and ischemic changes were scored. Each of the lum-
bar spinal cords was divided into 12 equal parts, dis-
sected, and embedded in paraffin. Each of the 12
sections was scored as follows: 0, no damage; 1, 1 to
5 eosinophilic neurons; 2, 5 to 10 eosinophilic neu-
rons; 3, more than 10 eosinophilic neurons; 4, small
infarction (1⁄3 of the gray matter); 5, moderate infarc-
tion (1⁄3 to 1⁄2 of the gray matter); 6, large infarction
(more than 1⁄2 of the gray area).
Statistical analysis. All data are expressed as
means ± SD. Unpaired t tests or Mann-Whitney U
tests were used to identify differences between
group A and group B animals in the survival experi-
ments.
RESULTS
Experiment I. Reproducible tc-MEPs could be
recorded in all animals. The median response ampli-
tude at baseline was 3119 ± 1323 µV. Hemoglobin
concentrations during laparotomy and after the
study period were 8.6 ± 0.9 and 5.9 ± 1.2 g/dL,
respectively. Proximal and distal pressures remained
between 70 and 100 mm Hg in all animals during
the experiments. 
Six lumbar arteries were present in every animal.
Average in vivo lumbar artery flow was 28 ± 13
mL/min. For tc-MEP evidence of spinal cord
ischemia, the following arteries had to be clamped:
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Fig 6. Bar graph shows histopathologic results. Lumbar
spinal cords are divided into 12 equal segments and scored
for ischemic damage in group A and group B animals. 1,
1 to 5 eosinophilic neurons; 2, 5 to 10 eosinophilic neu-
rons; 3, more than 10 eosinophilic neurons; 4, small
infarction (1⁄3 of gray matter); 5, moderate infarction (1⁄3 to
1⁄2 of gray matter); 6, large infarction (more than 1⁄2 of gray
area).
L6 to L4 in each of 2 animals, L6 to L3 in each of 7
animals, and L6 to L2 in 1 animal.
Placing the proximal and distal clamps and there-
by excluding the aortic segment containing the set
of critical segmental arteries resulted in a tc-MEP
amplitude decrease below 25% within 3.7 ± 3.7 min-
utes. Aortotomy, introduction of the selective perfu-
sion catheters into the critical segmental arteries,
and establishment of selective perfusion were
accomplished within 5.9 ± 2.9 minutes. tc-MEP sig-
nals returned in all animals in 8.5 ± 5.3 minutes after
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the initiation of selective perfusion and increased
above 25% of baseline within 14.6 ± 6.8 minutes.
During the 60-minute study period, tc-MEP ampli-
tudes increased progressively in all animals to 49%
(28%-113%) of baseline (Fig 5). tc-MEP recovery
was accomplished by perfusing three lumbar arteries
in five animals and four lumbar arteries in the
remaining five animals. During selective segmental
artery perfusion, total bypass graft flow was 880 ±
294 mL/min, of which an average of 184 ± 54
mL/min was directed into the selective perfusion
Fig 7. Light micrographs from localized spinal cord sec-
tions in three different animals. A, Section of L4 segment
of perfused animal shows normal-appearing neurons and
no sign of vacuolization (hematoxylin-eosin, original mag-
nification ×35). B, L6 segment of control animal shows
large infarction within entire gray matter area. Area
between arrows is severely infarcted anterior horn gray mat-
ter. Note vacuolization (V) and loss of delineation
between gray and white matter structures (hematoxylin-
eosin, original magnification ×25). C, Central canal. C,
Section of L5 segment in perfused animal that had normal
neurologic function despite localized small infarction in
anterior horn gray matter (area within arrows; hema-




catheters. The average flow per perfusion catheter
was 52 ± 13 mL/min. The bypass graft pressure was
159 ± 19 mm Hg. In two animals, selective flow was
increased 10 mL/min per catheter because the tc-
MEP amplitude was less than 25% of baseline after
20 minutes of selective perfusion. As a result, ampli-
tudes increased above 25% within 10 minutes. When
selective flow was interrupted after the 60-minute
study period, tc-MEP amplitudes rapidly disap-
peared (amplitude < 25%) in 3.4 ± 3.2 minutes.
Experiment II. Reproducible tc-MEPs could
be recorded in all animals. The response amplitude
at baseline was 2142 ± 1145 µV. The hemoglobin
concentrations during laparotomy and after 60
minutes of aortic clamping were 9.7 ± 1.3 g/dL
and 7.5 ± 0.9 g/dL, respectively, and did not differ
between groups. During aortic cross-clamping,
proximal and distal aortic pressures were decreased
to 55 ± 8 mm Hg and 56 ± 8 mm Hg, respective-
ly, and did not differ between groups (P = .8 and P
= .2, respectively). Exclusion of the abdominal aor-
tic segment resulted in tc-MEP loss within 3.0 ±
2.0 minutes in all animals.
In the group A animals, aortotomy and estab-
lishment of selective perfusion were accomplished
within 12.8 ± 2.7 minutes. tc-MEPs recovered in all
experimental animals within 12.6 ± 11.0 minutes
after the initiation of selective perfusion, and
increased above 25% of baseline within 20.0 ± 18.6
minutes. During the 60-minute study period, tc-
MEP amplitudes increased progressively in all ani-
mals to 47% (28%-75%) of baseline.
The bypass graft pressure was 141 ± 40 mm Hg,
and the bypass graft flow was 681 ± 158 mL/min,
of which 216 ± 107 mL/min was directed to the
selective perfusion catheters. The catheter flow was
83 ± 27 mL/min. Because of occasional inflation
balloon failure, three to four perfusion catheters
were used in each animal for selective perfusion only.
The remaining segmental artery orifices were
occluded with 3F Pruitt catheters to minimize back-
flow. No relation between tc-MEP recovery and
selective perfusion flow or pressure could be
observed.
In the group B animals, insertion of Pruitt
catheters was accomplished in 5.6 ± 2.3 minutes. tc-
MEPs remained absent throughout the cross-clamp-
ing period in all animals. After reperfusion (cross-
clamp removal), tc-MEPs remained absent in all but
one control animal; tc-MEPs recovered after 24.3
minutes after cross-clamp removal in this animal.
Postoperative neurologic evaluation. One
group A animal died on postoperative day 1 as a
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result of respiratory failure that resulted in severe
hypoxia and cardiac failure. However, the Tarlov
score for day 1 could be obtained and was 4 in this
animal. All group A animals showed normal hind
limb function (Tarlov 4), whereas all but one of the
group B animals were neurologically impaired
(Tarlov 0; Mann-Whitney U test, P = .04). The one
neurologically intact animal had tc-MEP recovery
after reperfusion and showed improving motor func-
tion during the three postoperative days, resulting in
normal hind limb function on day 3. 
Histopathologic evaluation. In nine animals,
histopathologic examination of the spinal cords was
performed. The results are shown in Figs 6 and 7.
Group A animals showed significantly less gray mat-
ter cell damage than did the control group (Mann
Whitney U test, P < .0001). Histopathologic differ-
ences between the groups were most pronounced in
spinal cord levels L3-L5. One group A animal
showed small infarction only in two segments of the
spinal cord. The remaining group A animals had
either no damage or eosinophilic neurons only. The
group B animals showed large infarctions in three to
seven segments of the spinal cord. One group B ani-
mal had moderate infarction in two segments only;
this was the animal that showed full hind limb func-
tion recovery on day 3.
DISCUSSION
In the present porcine experiment we demon-
strated that selective spinal cord perfusion is feasible.
The duration of spinal cord ischemia, as determined
by the time necessary to apply the multicatheter per-
fusion system and restore motor conduction, was
reduced to minutes. Using this new adjunct, we
were able to show that selective spinal cord perfu-
sion can prevent paraplegia after a 60-minute period
of aortic cross-clamping, and the protective effect of
this new method was supported by histopathologic
evidence. Selective spinal cord perfusion has the
potential to reduce the incidence of paraplegia after
TAAA surgery by minimizing the duration of tran-
sient ischemia, which is the cause of paraplegia dur-
ing resection of the critical aortic segment.
Efforts to optimize spinal cord perfusion during
aortic surgery have been the major topic in investi-
gations for the prevention of paraplegia in TAAA
patients. Distal aortic perfusion in combination with
segmental aortic clamping can provide sufficient
blood flow to the spinal cord when crucial segmen-
tal arteries originate within the perfused seg-
ment.3,12 Nevertheless, this technique cannot com-
pletely prevent paraplegia, and neurologic deficit
rates can still amount to 10% in type I and type II
TAAAs.13,14 Distal aortic perfusion is not effective
when critical segmental arteries originate between
aortic cross-clamps. The permanent restoration of
spinal cord blood flow by reimplantation of seg-
mental arteries is therefore essential.5,15 However,
reimplantation of segmental arteries prolongs
cross-clamp time, which increases the risk for para-
plegia.16 The identification and selection of critical
segmental arteries were pursued to decrease aortic
cross-clamp duration. Identification through use
of evoked potentials or hydrogen-induced current
impulse in combination with segmental aortic
clamping did not prevent paraplegia, howev-
er,1,4,17-19 and liberal segmental artery reimplanta-
tion between T11 and L1 was proposed.13,15
Recently, we reported an approach wherein tc-
MEP monitoring was combined with a step-by-
step surgical approach. With this technique, no
paraplegia occurred in 52 patients with type I and
type II TAAAs.5 Nonetheless, postoperative para-
plegia or paraparesis may still result from transient
ischemia during the exclusion of the aortic seg-
ment containing “critical” segmental vessels.
Only two studies have thus far reported the use
of selective segmental artery perfusion. Svensson et
al1 described selective perfusion of hydrogen-
induced current impulse–identified critical segments
of the aorta in pigs through a shunt and evaluated
the efficacy by spinal cord motor evoked potentials
(SMEPs) and neurologic function. Neurologic
results did not differ from those seen in animals that
underwent only preservation of the critical arteries.
Furthermore, selective perfusion could not restore
SMEP signals during the study period, indicating
submarginal spinal cord blood flow. Svensson20 later
stated that the results were not satisfactory because
very high perfusion pressures were needed to allow
flow to the segmental arteries as a result of limita-
tions in catheter diameter. A recent report demon-
strated that selective spinal cord perfusion increases
cerebrospinal fluid PO2 during aortic clamping in
dogs and restores spinal cord neurophysiologic func-
tion, as assessed with evoked spinal potentials.10
However, no control group could clarify whether
these results were obtained by the beneficial effect of
critical segmental artery blockade only. Further-
more, no histologic or neurologic data confirmed
their effort.
Catheter design may be a critical issue in the suc-
cess or failure of selective segmental artery perfu-
sion. Considering that the ostia of human segmental
arteries measure approximately 2 mm in diameter,
obtaining physiologic flow through commercially
available catheters with this diameter will require
very high bypass graft pressures. Therefore, our aim
was to reduce the resistance of the perfusion
catheters used in this experiment by tapering the
catheters. In this way, high catheter resistance was
confined to the 2-cm tip area. (Diameter is repre-
sented to the fourth power in Poiseuille’s equation
for flow in relation to resistance.) As a result, ade-
quate flow through the perfusion catheters was
obtained at relatively low bypass graft pressures, and
neuromotor function was restored and maintained
in the experiments.
In both experiment I and experiment II, tc-
MEPs recovered above 25% of baseline in all of the
animals in which selective perfusion was performed.
All animals that showed this tc-MEP recovery pat-
tern in experiment II had normal hind limb func-
tion. This is in accordance with our clinical experi-
ence.4,5 However, a full tc-MEP recovery within the
60-minute study period was not consistently
observed. There are two possible explanations for
this observation. First, the study period may have
been too short to demonstrate full recovery during
selective perfusion, as evidenced by the progressive
tc-MEP amplitude increase throughout the 60-
minute period. Second, the spinal cord blood flow
obtained with selective perfusion may not have been
sufficient to maintain full function of all motor units
during the 60-minute study period. Suboptimal
spinal cord blood flow was also suggested by the
observation that some evidence of ischemic damage
was present in the group A animals despite selective
perfusion. Although histopathologic scores were sig-
nificantly better in perfused animals, as was hind
limb function, selective perfusion could not prevent
all neurons from being rendered ischemic. However,
the smallness of the study groups prevented analysis
pertaining to the amount of tc-MEP recovery, selec-
tive perfusion flow, and histopathologic scores.
An important difference between experiments I
and II was the addition of arterial hypotension in
experiment II. As noted in the Methods section, our
aim was to cause irreversible spinal cord damage in a
large majority of the control animals after 1 hour of
aortic cross-clamping. This is in contrast to the
approach in experiment I, in which tc-MEP loss and
recovery as a result of selective perfusion were the
aim. The spinal cord blood flow values at which tc-
MEPs are lost are possibly higher than those that
will result in actual neuronal damage. Whether para-
plegia will result from 60 minutes of aortic cross-
clamping is determined by such factors as residual
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spinal cord flow and temperature. In addition,
experiments by Wadouh21 demonstrated that liga-
tion of all abdominal segmental arteries for 45 min-
utes resulted in a paraplegia rate of only 70%. To
increase the paraplegia rate, we added arterial
hypotension to the protocol in experiment II to
decrease residual spinal cord blood flow. Using this
model, we demonstrated that selective perfusion
was able to prevent paraplegia in the experimental
animals. 
If selective spinal cord perfusion is applicable in
human beings, this technique could shorten the
duration of spinal cord ischemia during the reat-
tachment of segmental arteries. This would be
advantageous when a prolonged aortic clamping
time is to be expected so that a large segment of seg-
mental arteries can be reimplanted, as in type II
aneurysms. Another important benefit for the sur-
geon is that expeditious surgery would no longer be
required and a full effort could be made to reimplant
all presenting segmental arteries. Moreover, when
available intercostal arteries are fragile or located in
a mushy aorta but at the same time are critical to
spinal cord blood flow, as assessed with tc-MEPs, a
selective graft can be anastomosed around the per-
fusion catheter, ensuring a patent reimplantation
under sufficient spinal cord protection.
CONCLUSION
Selective segmental artery perfusion with special-
ly designed tapered catheters was effective in
preventing paraplegia after 60 minutes of aortic
cross-clamping in pigs. Using this new adjunct in
combination with tc-MEPs, we demonstrated that
spinal cord ischemia during aortic cross-clamping
could be reduced to minutes.
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